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Excitons in boron nitride nanotubes: dimensionality effects
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We show that the optical absorption spectra of boron nitride (BN) nanotubes are dominated by
strongly bound excitons. Our first-principles calculations indicate that the binding energy for the
first and dominant excitonic peak depends sensitively on the dimensionality of the system, varying
from 0.7 eV in bulk hexagonal BN via 2.1 eV in the single sheet of BN to more than 3 eV in the
hypothetical (2, 2) tube. The strongly localized nature of this exciton dictates the fast convergence
of its binding energy with increasing tube diameter towards the sheet value. The absolute position
of the first excitonic peak is almost independent of the tube radius and system dimensionality. This
provides an explanation for the observed “optical gap” constancy for different tubes and bulk hBN
[R. Arenal et al., to appear in Phys. Rev. Lett. (2005)].
PACS numbers: 71.35.-y, 61.46.+w, 81.07.De
In complete analogy to carbon nanotubes, boron ni-
tride nanotubes1,2 can be thought of as cylinders that are
obtained when a single sheet of hexagonal BN is rolled
onto itself. Hexagonal BN (hBN) is a large band-gap
insulator3. Since the band-structure of the tubes can be
constructed from the band-structure of the sheet through
the zone-folding procedure4, the band-gap of BN tubes is
similarly large, independently of their radius and chiral-
ity. The detailed knowledge of the optical properties of
BN tubes is indispensable for their characterization and
may help to guide their use as nanoelectronic devices.
E.g., BN nanotubes have been used to build a field ef-
fect transistor5. Furthermore, experiments on ultraviolet
luminescence6 of bulk BN suggest to explore the use of
BN nanotubes as ultraviolet light sources. In this con-
text, it is crucial to know about possible excitonic states
whose importance has been recently shown for the optical
spectra of carbon nanotubes7,8. For the wide band-gap
BN tubes, we expect even stronger excitonic effects.
Very recently, two experimental studies of the optical
properties of BN nanotubes have appeared in this jour-
nal which strongly contradict each other. Both studies
compare their spectra to the one of bulk BN which has
its first absorption peak at 6.1 eV and an onset of absorp-
tion at about 5.8 eV. Lauret et al.9 have measured two
additional peaks in the optical absorption spectra of BN
tubes at 4.45 and 5.5 eV. The lower of these two peaks
was interpreted as a due to a bound exciton. Arenal et
al.10, on the contrary, have measured the electron-energy
loss spectra (EELS) of isolated BN tubes and obtained a
constant “optical gap” of 5.8 eV for bulk BN and differ-
ent single and multi-wall tubes. For a proper interpre-
tation of the spectra, one has to take into account that
already the absorption peak of bulk hBN at 6.1 eV is due
to a strongly bound Frenkel exciton11,12. The question
to be asked is therefore: how does the binding energy of
this exciton change as we compare the quasi-two dimen-
sional BN sheet and the quasi-1D BN nanotubes with
the 3D bulk BN. Furthermore: Up to which diameter do
tubes exhibit one-dimensional excitonic effects? We show
in this letter that the excitonic binding energy increases
strongly with lower dimensionality. At the same time,
however, the quasi-particle gap strongly increases such
that the absolute position of the first (excitonic) absorp-
tion peak remains almost constant in agreement with the
experiments of Ref. 10. Furthermore, we address the role
of dark singlet and triplet exciton for ultraviolet lumines-
cence.
So far, the optical properties of BN nanotubes have
only been calculated13,14 on the level of the random-
phase approximation (RPA), i.e., in the picture of
independent-particle excitations. In this paper we use
the Green’s function approach15 of many-body pertur-
bation theory to include electron-electron and electron-
hole effects. Our calculations of the optical absorption
spectra, proceed in three steps. We first calculate the
Kohn-Sham wave-functions of the valence band states
and a large number of conduction band states using
density functional theory (DFT) in the local-density ap-
proximation (LDA)16 using a plane-wave pseudopotential
implementation17,18. Within the GW-approximation15,
we then calculate the quasi-particle energies (“true”
single-particle excitation energies)19. In the third step,
electron-hole attraction (excitonic effects) is included by
solving the Bethe-Salpeter (BS) equation15.
Calculation details: We use a trigonal array of tubes
with minimum inter-wall distance of 20 a.u. in order to
minimize inter-tube interaction and to simulate as closely
as possible the properties of isolated tubes. The tubes are
geometry-optimized (forces on the atoms less than 5 ×
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FIG. 1: Single sheet of hBN: dependence of the excitonic
binding energy and the quasi-particle gap on the inter-sheet
distance in a supercell-geometry.
10−5 a.u.). In the GW calculation19 we perform a “semi-
self consistent” (GW0) calculation by updating the quasi-
particle energies in G (but not in W ) until the resulting
quasi-particle energies are converged20. For the optical
absorption spectra with polarization along the tube axis,
transitions between the highest 2n valence bands (the
pi bands) and the lowest 2n conduction bands (the pi∗
bands) are taken into account (the other transitions being
forbidden due to selection rules).
In Fig. 1, we investigate the influence of the super-
cell geometry on the excitonic binding energy and on the
quasi-particle gap of the single sheet of hBN. The spec-
trum is dominated by the lowest bound exciton which
collects most of the oscillator strength in the energy range
between 0 and 8 eV (see Fig. 2 B). The excitonic binding
energy is measured as the distance between this peak and
the onset of the continuum which is given by the direct
quasi-particle gap between the pi and pi∗ bands. With
increasing inter-sheet distance, approaching the limit of
a quasi 2D isolated sheet, the excitonic binding energy
increases and converges towards the value of 2.1 eV (as
compared to the binding energy of 0.7 eV that is found for
the 3D bulk hBN12). This increase of the binding energy
is due to two effects: reduced screening for higher inter-
sheet distance and - more importantly - an increased
electron-hole overlap in the reduced dimensionality (in
the purely 2D limit, the binding energy for a hydrogenic
system is increased by a factor of four compared to the
3D case21). At the same time, the reduced dimensional-
ity leads to an increased electron-electron correlation and
thereby to an increase of the quasi-particle gap22. Fig. 1
demonstrates that the increase of the quasi-particle gap
almost exactly cancels the increase of the binding energy.
The position of the first absorption peak remains almost
constant. What changes is the onset of the continuum.
For the BN-sheet however, the absorption at the onset of
the continuum is almost zero (also the higher excitonic
peaks carry very low oscillator strength). The excitonic
spectrum can therefore be calculated to a good approx-
imation already with an inter-sheet distance of 20 a.u.
We made a similar series of calculations for the hypo-
thetical BN(2,2) tube which has a diameter of 2.8 A˚ and
is close to being a 1D system. Again, as we increase the
inter-tube distance, the increase of the quasi-particle gap
almost cancels the increase of the excitonic binding en-
ergy. While the latter converges towards a value higher
than 3 eV, the absolute position of the first absorption
peak remains constant to within 0.2 eV. In the following,
we present therefore calculations for different tubes in a
supercell geometry with 20 A˚ inter-wall distance. We re-
mark that dimensionality effects would be more visible
in other spectroscopic measurements such as photoemis-
sion spectroscopy, where we mainly map the quasiparticle
spectra, and this (as the exciton binding itself) is sensi-
tive to the change in screening going from the tube to
the sheet to bulk hBN. In particular the quasi-particle
band-gap will vary strongly with dimensionality (opening
as dimensionality reduces).
In Fig. 2 we present the spectra of bulk hBN, of the
single-sheet of hBN and of different BN nanotubes with
diameters ranging from 2.8 A˚ (for the purely hypothetical
BN(2,2) tube) to 9.7 A˚ (for the BN(7,7) tube) which is at
the lower border of the range of experimentally produced
tubes. The light polarization is set parallel to the planes
or tube-axis, respectively. On the left hand side, we show
the RPA spectra which are almost indistinguishable for
the bulk and for the single-sheet. The selection rules
only allow transitions between the pi and pi∗ bands (band
4 and 5 in the sheet). The band-structure of the tubes
can be constructed via the zone-folding procedure, i.e., by
cutting the 2D bandstructure of the sheet along certain
discrete lines that correspond to quantized wave-vector
along the circumferential direction. The RPA spectra of
the tubes display therefore transitions at the same ener-
gies as in the sheet. (For a comparison of tube and sheet
band-structures, see Refs.1,3,14.) With increasing diam-
eter, the shape of the tube spectra converges rapidly to-
wards the sheet spectrum, in particular if plotted with a
Lorentzian broadening of 0.1 eV (corresponding roughly
to usual experimental values). A calculation with a fine
broadening of 0.025 eV (and a correspondingly fine sam-
pling with 200 k-points in the first Brillouin zone), reveals
additional fine-structure below 5.5 eV. This structure is
due to the van-Hove singularities in the one-dimensional
density of states. For tubes with larger radii, the den-
sity of the fine-structure peaks increases and the RPA
spectrum approaches that of the 2D sheet. The onset
of absorption is constantly at 4.7±0.1 eV for all tubes
except for the (2,2) and the (6,0) tube (and other small
diameter zigzag tubes) where the gap is lowered due to
curvature effects1.
While the RPA spectra are due to a continuum of
inter-band transitions, the BS+GW optical spectra on
the right-hand side of Fig. 2 are dominated by discrete
excitonic peaks where the first peak comprises most of the
oscillator strength. For bulk hBN, we have shown12 that
the broadened excitonic spectrum properly reproduces
the experimental spectral shape23. The sheet spectrum
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FIG. 2: Optical absorption of (a) hBN, (b) BN-sheet, and (c) six different BN tubes with increasing diameter d. We compare
the results of the GW + Bethe-Salpeter approach (right hand side) with the random phase approximation (left hand side).
Solid lines are calculated with a Lorentzian broadening of 0.025 eV, dashed lines with a broadening of 0.1 eV (for comparison
with experimental data). The light polarization is parallel to the plane/tube axis, respectively (except for the dotted line in
the (6, 6) case where the light polarization is perpendicular to the tube axis, see main text for discussion).
contains three bound excitonic peaks of rapidly decreas-
ing intensity and absorption at the onset of the contin-
uum is reduced to almost zero. As explained above, the
stronger binding energy of the first bound exciton is al-
most compensated by an increase of the quasi-particle
gap due to the reduced dimensionality. The same holds
for the tube spectra: Except for the three smallest tubes,
the position of the first and dominant excitonic peak
remains constant. With increasing tube diameter, the
spectrum rapidly converges towards the three-peak spec-
trum of the flat sheet. Also the onset of the continuum
converges towards the value in the sheet (note that we
compare here the values for a super-cell geometry with
inter-sheet/inter-tube distance of 20 a.u.). The rapid
convergence of the excitonic peaks is an indication for
a strong confinement of the exciton wavefunction. Plot-
ting the wavefunction, we have verified that this Frenkel
type exciton is confined to within a few inter-atomic dis-
tances for either tubes, sheet or bulk hBN (see also the
plot for an exciton in bulk hBN in Ref. 11). With in-
creasing tube diameter, the excitons only “see” a locally
flat environment which explains the rapid convergence to-
wards the sheet spectrum. The strongly localized nature
of the exciton in BN structures makes the appearance
of one-dimensional confinement effects very restricted to
small diameter tubes, i.e, tubes for which the extension
of the excitonic wavefunction is comparable to the nan-
otube circumference. This is usually the case for car-
bon nanotubes but not for the BN tubes as the excitonic
wavefunctions only spans a few lattice constants. As the
experimental tubes have diameters around 1.4 nm, the
1D-nature of the tubes cannot be observed and only the
2D nature of the local exciton environment (tube surface)
controls the optical activity.
For the (6,6) tube, we display in Fig. 2 C) also the
spectrum for light polarization perpendicular to the tube
axis. The spectrum exhibits a major excitonic peak that
lies slightly below the second excitonic peak obtained for
light polarized along the tube axis. Note that the sheet
is completely transparent up to 9 eV for light polarized
4perpendicular to the plane.
We compare our results now to two recent contra-
dictory measurements of the optical properties of BN
nanotubes9,10: In the EELS experiment of Arenal et
al.10, the electron-beam passes the tube in the tangential
direction. A detailed explanation of the spectral shape
would require the calculation of the imaginary part of
the polarizability αm,k, where m is the index for the
multi-pole expansion in circumferential direction and k
is the Fourier expansion along the tube axis24. This is
beyond the scope of this paper, where we only calculate
the dipolar contribution (m = 0) in the limit k → 0.
This is, however, the dominant part in the expansion of
α. The constancy of the first excitonic peak explains
why the “optical gap” observed in Ref. 10 is always 5.8
eV, whether they measure bulk hBN, multi-wall tubes,
or single-wall tubes. We note that there is a chirality
dependence of the optical spectra but it is only visible
for the smallest diameter tubes. The spectra of the arm-
chair tubes converge much faster to the 2D case than the
ones of the zig-zag tubes. However, as experimental tube
diameters10 are much larger than the 5.1 A˚ of the (6,0)
zigzag tube that is presented in this paper, we expect
the chiral dependence to be marginal. Our calculations
show that the explanation of Ref. 9 for the two peaks
at 4.45 and 5.5 eV in their absorption spectra of a sam-
ple containing BN tubes does not hold: the peaks are
neither due to additional Van-Hove singularities (since
the spectra are entirely dominated by discrete excitonic
peaks) nor can they be explained by an increased exci-
tonic binding-energy (which is canceled by an increased
quasi-particle gap).
So far, we have concentrated on singlet active exci-
tons. For bulk hBN12, we have shown previously that
there is a dark singlet exciton and two triplet excitons
below the first optically active exciton. For the single
sheet (and light polarization parallel to the plane), we
find that the lowest optically active exciton is doubly de-
generate. There is no dark singlet exciton below, but a
doubly degenerate triplet exciton at 0.1 eV lower energy.
For the (6,6) tube (and light polarization parallel to the
tube axis), we find that the degeneracy of the singlet ex-
citon is lifted, leading to a dark singlet exciton slightly
(0.01 eV) below the optically active singlet exciton. The
degeneracy of the triplet exciton is lifted as well: the
two triplet excitons are 0.1 eV and 0.08 eV lower in en-
ergy than the optically active singlet exciton. Similar
results hold for the (5,5) and the (7,7) tubes. A recent
study for C-tubes25 has shown that the room tempera-
ture luminescence is enhanced once the complete series
of active and dark excitons is taken into account. This
would hold also in the present case. Furthermore, due
to the minor differences in the optical spectra of tubes
and bulk BN we expect the BN-tubes to exhibit a strong
ultraviolet lasing behavior as already observed for bulk
BN6. The fact that this luminescence response would be
rather insensitive to tube diameter and chirality makes
the BN tubes ideal candidates for optical devices in the
UV regime as the carbon nanotubes are in the infrared
regime26. The photoluminescence quantum yield of BN
tubes should surpass the efficiency of carbon6.
In conclusion, the optical absorption spectra of hBN
and BN nanotubes are dominated by excitonic effects.
Most oscillator strength is collected by the first bound
exciton. Its binding energy increases strongly as the di-
mensionality is reduced from the 3-D bulk over the 2-D
sheet to the 1-D tubes. At the same time the quasi-
particle band gap increases with reduced dimensionality.
This cancellation leaves the absolute position of the dom-
inant absorption peak almost constant.
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